Purpose: Clinically important deterioration (CID) in chronic obstructive pulmonary disease (COPD) is a novel composite endpoint that assesses disease stability. The association between short-term CID and future economic and quality of life (QoL) outcomes has not been previously assessed. This analysis considers 3-year data from the TOwards a Revolution in COPD Health (TORCH) study, to examine this question.
Introduction
Chronic obstructive pulmonary disease (COPD) is a complex and heterogenous disease, characterized by persistent respiratory symptoms, specifically airway obstruction. 1 COPD is a major cause of chronic morbidity and mortality worldwide, [2] [3] [4] and is associated with a significant economic burden. 2, 5 In the European Union, COPD accounts for 56% (€38.6 billion) of the total cost of respiratory disease. 2 In the United States, the estimated direct costs of COPD are $32 billion and indirect costs were estimated at $20.4 billion in 2010. 2, 6 Comprehensive assessment of COPD symptoms is recommended, including determination of the extent of airflow limitation, the impact of airflow limitation/dyspnea on the patient's health status, and the risk of future events, thus allowing treatment to be individualized based on symptom severity and exacerbation risk. 2, 7 Developing a reliable method by which the potential for COPD progression in individuals could be routinely monitored, similar to identifying poor control in asthma patients, 8, 9 is a key objective on the pathway towards personalizing current clinical care. 10 It will enable healthcare professionals to identify high-risk patients earlier, as well as identify the variety of factors that can best predict COPD outcomes. Given the complexity and heterogeneity of COPD, it is important that the method of measurement be multidimensional, to assemble a comprehensive picture of the potential for COPD progression. 11, 12 A novel composite endpoint assessing three dimensions of clinically important deterioration (CID) in COPD has been developed to assess and quantify individual levels of disease deterioration on treatment, and has been utilized to compare the effects of various therapies on maintaining short-term COPD stability. 13 The CID endpoint has been used to demonstrate improved disease stability with dual fixed-dose long-acting muscarinic antagonist (LAMA)/long-acting β 2 -agonist (LABA) combination therapies compared with placebo, inhaled corticosteroid (ICS)/LABA dual therapy and LAMA or LABA monotherapies, [13] [14] [15] [16] [17] and with triple therapy (ICS/ LAMA/LABA in single or multiple inhaler[s]) compared with ICS/LABA 18, 19 and placebo added to ICS/LABA. 20 While the clinical aspects of CID have been extensively studied, the economic and quality of life (QoL) impact of avoiding CID remains unclear. This study is the first to consider the costs and utilities associated with CID, in order to investigate if prevention of short-term instability may be associated with preservation of future QoL and reduced healthcare service costs, with consequent benefits to patients and payers.
Materials and methods Objectives
The objective of this post hoc analysis of data prospectively collected over 3 years was to compare the long-term economic outcomes and utility consequences of COPD by patient CID status at Week 24, using data from the TOwards a Revolution in COPD Health (TORCH) study. 21, 22 Design and key results of the TORCH study
The TORCH study (NCT00268216) 21, 22 was a 3-year, multicenter, placebo-controlled, double-blind, randomized parallel group study conducted in 42 countries to examine the impact of COPD treatment on all-cause mortality. Study design and outcomes have been previously reported. 21, 22 In brief, after a 2-week run-in period, patients were randomized to one of four different treatment arms: fluticasone propionate (FP) 500 mcg; salmeterol (SAL) 50 mcg; FP/SAL 500/50 mcg; or placebo for 3 years. All-cause mortality rates were highest in the FP 500 mcg group (16.0%) and lowest in the FP/SAL 500/50 mcg group (12.6%). However, no significant reduction in all-cause mortality was observed with combination therapy, or either monotherapy, versus placebo.
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Secondary endpoints included QoL, assessed by total St George's Respiratory Questionnaire (SGRQ) and Euro quality-of-life (EuroQoL) scores, lung function (assessed as the mean change in pre-and post-bronchodilator forced expiratory volume in 1 second [FEV 1 ] from baseline to 3 years), and the frequency of moderate and severe exacerbations.
Study design Population
Eligible patients for the TORCH trial were ≥40 years of age, with a diagnosis of COPD, 23 current or former smokers (≥10-pack-year history), with a prebronchodilator FEV 1 <60% of the predicted value, <10% reversibility in predicted FEV 1 , and a ratio of prebronchodilator FEV 1 to forced vital capacity of ≤70%.
In this post hoc analysis, patients from the TORCH study population were included if they had complete available data to allow for determination of CID status on treatment at Week 24. This required at least one clinic visit after starting treatment, in which a lung function test and SGRQ were administered. A complete case analysis was conducted for all patients who did not withdraw from the study; therefore, patients were excluded from the analysis if they withdrew from the TORCH study at any time, or if they had incomplete data. CID status was evaluated based on data collected until a maximum of 182 days (expected Week 24 visit +2 weeks) on randomized treatment, and was determined based on the absence (CID-) or presence (CID+) of at least one of the following three criteria denoting instability at or before Week 24: FEV 1 ≥100 mL decline from baseline; or SGRQ total score ≥4-unit increase from baseline; or a moderate or severe exacerbation. Long-term economic outcomes and utility consequences were reported after 3 years of follow-up ( Figure 1) . No minimum or maximum window for the end of follow-up (Week 156 visit) was applied for patients who completed the study.
Baseline variables used within this analysis were age, sex, body mass index (BMI), race, region, smoking status, number of pre-treatment COPD medications, number of prior exacerbations, modified Medical Research Council (mMRC) dyspnea score, FEV 1 , SGRQ, and EuroQol 5-dimensional scale (EQ-5D) utility index.
Outcomes
All outcomes were presented by short-term CID status (stable CID-or unstable CID+ patient subgroups) and stratified by the treatments investigated within the TORCH study. 22 
Resource utilization
Patient resource utilization was assessed from Week 24 to the end of follow-up and included: hospitalizations (number of general ward days and number of intensive care unit [ICU] days), the number of emergency department (ED) visits, the number of office visits, the number of home visits, and the number of outpatient visits.
Costs
All costs were based on 2016 Great British Pounds (GBP) and total direct medical costs were estimated based on reported healthcare resource utilization with unit costs applied for the United Kingdom (Table S1 ). Unit costs were sourced from the National Health Service (NHS) reference costs 2015-2016, 24 or the Personal Social Service Research Unit.
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Utilities Utility values were estimated from the EQ-5D health index using the recommended tariffs derived from a UK population survey. 26 Utility change based on EQ-5D utility index was calculated from baseline to the end of follow-up, and from Week 24 to the end of follow-up. EQ-5D utility index data were only collected in 21 of the 42 participating countries for which validated translations of the instrument were available, so analyses of utility were restricted to study patients from those countries.
Statistical analyses
Multivariable adjustment was performed for all endpoints to account for possible selection bias due to only including patients who did not withdraw and for differences in patient characteristics given that categorization occurred post randomization. Adjusted analyses were conducted using the following covariates: age, sex, BMI, race, region, smoking status at baseline, number of prior COPD treatments, number of prior exacerbations, mMRC at baseline, FEV 1 at baseline, CID status, treatment, CID status*CID type, and CID status*-treatment. CID type was defined by the type (FEV 1 , SGRQ, or exacerbation CID) and number of CID criteria met by the patient. Baseline EQ-5D was also included as a covariate in the analyses of utilities. Linear regression was conducted for the utility outcomes. For resource use counts, generalized linear models with a negative binomial distribution were used. Missing data were assumed to most likely be due to withdrawal from the study. As data from patients who withdrew from the study were likely to be informative, inverse probability-weighting (IPW) was applied for all adjusted analyses. Cost estimates were generated using a two-part modeling approach to properly account for patients with either zero observed costs or outlier costs from the top 3 costing patients. The two-part model was conducted as follows: part 1: run logistic regression to predict probability of having positive costs (P[Y>0], where Y=costs); part 2: run generalized linear model with a gamma distribution and log link among patients with positive costs (Y>0), then predict costs for the whole sample (E [Y|Y>0]). Adjusted mean cost estimates for each patient were calculated using the following equation: P(Y>0)*(E [Y|Y>0]); 95% confidence intervals (CI) were generated via 5,000 bootstrapped samples (sampling with replacement).
Results

Study population
In total, 8,554 patients were enrolled in the TORCH study, 6,184 (72.3%) were randomized and 6,112 (71.5%) were included in the efficacy population. 22 Of the randomized patients, 3,769 patients completed the study and had data available at Week 24 for determination of CID status and thus were included in the post hoc analysis (stable CIDsubgroup: N=1,832; unstable CID+ subgroup: N=1,937) ( Figure 2 ). A summary of patient demographics and baseline characteristics is provided in Table 1 .
Resource utilization
From Week 24 to the end of follow-up, the stable CID-subgroup had significantly lower mean (95% CI) resource use per patient per year (PPPY) across a number of endpoints compared with the unstable CID+ subgroup, including the number of general ward days (mean difference −0.410; P=0.003), office visits (mean difference −0.191; P<0.001), home visits (mean difference −0.008; P<0.001) and outpatient visits (mean difference −0.067; P=0.029) (Table S2) . Resource use by CID status and by treatment is presented in Table 2 .
Costs
The total mean (95% CI) costs PPPY in the stable CIDsubgroup were significantly lower than those in the unstable CID+ subgroup (£538 [458, 628] vs £916 [806, 1,050]; P<0.001) ( Figure 3A ). Similar results were seen when costs were analyzed by randomized treatment type, with the exception of SAL 50 mcg ( Figure 3B ).
Utilities
EQ-5D utilities were significantly higher in the stable CID-subgroup compared with the unstable CID+ subgroup at Week 24 (mean difference +0.043; P<0.001), and at end of the 3-year follow-up period (mean difference +0.054; P<0.001) ( Figure 4 ). The mean (95% CI) change from baseline at 3 years was 0.005 (−0.009, 0.019) for the CID-subgroup and −0.049 (−0.061, −0.036) in the CID+ subgroup (difference: +0.054; P<0.001) (Table S2 ). There was no significant difference between the CID-and CID+ subgroups in change in utility from Week 24 to the end of follow-up ( Figure 4 / Table S2 ). When analyzed by treatment, the difference in EQ-5D utility at the end of the 3-year follow-up between CID-and CID+ subgroups was statistically significant in all treatment groups (Table 3) . Similar results were observed for the difference between CID status subgroups in EQ-5D utility change from baseline to end of follow-up in each treatment group (Table 3 ). The mean difference between CID subgroups was lowest within the FP 500 mcg treatment group, as a result of the lower utility scores within the stable CID-subgroup for this treatment (Table 3) . 22 Utilities at Week 24 were higher in the CID-versus the CID+ subgroup for all treatments, although the difference was not statistically significant for FP 500 mcg (Table 3 ). There was no significant difference between the CID-and CID+ subgroup in change in utility from Week 24 to end of follow-up in any of the treatment groups (Table 3) .
Discussion
The results of this analysis suggested that overall, patients who were more stable (CID-) at the 6-month time point (Week 24) in the TORCH study had significantly better economic and QoL outcomes throughout the remaining period of assessment compared with those patients with a short-term CID (CID+).
Patients with early CID events showed significantly lower EQ-5D utilities compared with more stable patients who remained free of CID events at 24 weeks. Early loss in utility established at Week 24 was still apparent at the end of the 3-year follow-up, highlighting that early loss in health status was not recovered in the follow-up period and may continue to be compounded with additional events. In addition, while these results demonstrated that CID-patients had significantly higher EQ-5D utilities compared with CID+ patients, the utility scores from 24 weeks to 3 years were generally stable with marginal subsequent changes, indicating that the key impact of CID was seen early in the study. Furthermore, the loss in EQ-5D in the CID+ subgroup was largely consistent across all treatment groups from Week 24 to the end of follow-up, indicating that CID status could be used as a measure of short-term responsiveness to treatment that may have long-term predictive value. A study by Nolan et al suggested that change of >0.050 in EQ-5D utility can be considered clinically relevant. 27 In the analysis presented here, the mean difference between the CID-and CID+ subgroups in EQ-5D utility change from baseline to the end of the 3-year follow-up period was +0.054, which suggests that avoiding early CID may be associated with higher EQ-5D utility scores and improvements in the patient's subsequent perception of health. In terms of costs, the total mean costs PPPY in the CID-and CID+ subgroups were £538 and £916, respectively, resulting in a mean PPPY cost difference of £378 (41% lower costs for stable CID-patients). In comparison, the cost of a moderate exacerbation according to the NHS reference costs for 2010-2011, as used in a retrospective cohort study by Punekar et al, was £85. 28 When adjusted to 2016 GBP, 29 this cost would be £83, indicating that the observed annual cost saving PPPY associated with avoiding an early CID would be over 4 times higher than that of avoiding one moderate exacerbation.
In this analysis, resource use in the CID-subgroup was significantly lower than in the CID+ subgroup from Week 24 to the end of follow-up, across a number of endpoints, including general ward days, office visits, home visits, and outpatient visits. The cost differential between the CID status subgroups was largely driven by the difference in general ward days. This analysis suggests that achieving disease stability by preventing short-term CID may be associated with a reduction in costs generally related with worsening COPD. Data from the World Health Organization from 2008 indicated that the cost per bed per day in the UK was slightly more expensive than equivalent costs in Spain and Italy, but slightly cheaper than equivalent costs in France, Germany, and the USA, therefore placing the UK costs as somewhat of an average. 30 The results of this analysis and the identification of general ward days as the defining cost driver for CID+ patients, could therefore be broadly applicable to other countries in Europe and to the USA. Costs by treatment group were consistent with the overall CID analysis, whereby all treatment groups demonstrated a statistically significant mean difference in favor of CID-patients, with the exception of the SAL 50 mcg treatment arm, for which the difference in annual costs per patient by CID status was not significant. The correlation of short-term characterization of CID status with long-term clinical outcomes has been previously reported, using the combined data of TORCH 22 and the 34 study demonstrated that CID events at a 6-month interval predicted future moderate and severe exacerbations, as well as all-cause mortality. 35 The increased hospitalization risk in CID+ patients has therefore been demonstrated from a clinical perspective and the results of this study suggest that these clinical observations may be supported by their corresponding long-term economic impact. This study is the first to consider the economic and QoL outcomes associated with the emerging concept of short-term CID. While previous publications have demonstrated that short-term CID is associated with poor clinical outcomes, 33, 35 an understanding of the cost and utility implications of avoiding short-term CID through better disease management further bolsters the relevance of a monitoring tool to assess short-term stability in COPD for healthcare professionals, patients and payers, in order to optimize therapy and reduce irrecoverable costs. Furthermore, the analysis of utilities within this study, and the significant differences identified in utilities between CID-and CID+ patient subgroups, could be utilized within health technology assessments and cost-effectiveness evaluations. However, further studies are required to validate CID as a potential surrogate endpoint for these longer-term outcomes. The consideration of CID status by treatment within this study also highlights the potential value of applying this composite endpoint to the evaluation of COPD treatments earlier in a treatment's clinical program to better demonstrate the combined clinical and economic strengths of the treatment versus standard of care therapies in COPD.
The results of this analysis demonstrate that stable patients without short-term CID have reduced costs and improved QoL in the long-term, compared with unstable CID+ patients. There are three possible explanations for this: 1. the stable CID-and unstable CID+ subgroups were inherently different at baseline and as such had different short-and long-term outcomes; 2. treatments that are effective/ineffective in the short-term continue to be effective/ineffective in the long-term; 3. treatments that stabilize COPD in the short-term prevent longer-term irrecoverable deterioration. Based on the current clinical adjusted using a two-part modeling approach, where a logistic regression was run to predict the likelihood of having costs >0, followed by a generalized linear model (gamma distribution with a log link) run for patients with positive costs. The results of these two models were then used to calculate predicted cost estimates for each patient. 95% CIs were generated using 5,000 bootstrapped samples (sampling with replacement). Analysis of complete cases was weighted by the inverse probability of being a complete case. Abbreviations: CI, confidence interval; CID, clinically important deterioration; FP, fluticasone propionate; GBP, Great British Pounds; PPPY, per patient per year; SAL, salmeterol.
evidence, we think that explanation 1 is unlikely. Our multivariate analyses focused on the study survivor population at 6 months and adjusted for baseline characteristics of CID-and CID+ subgroups by treatment, CID type at Week 24, and interaction between CID status at Week 24 and treatment. Moreover, the published CID analyses of the TORCH and ECLIPSE studies, which focused on clinical outcomes, demonstrated that the demographics and baseline characteristics of CID-and CID+ patients were generally similar. 33 In addition, in the landmark Figure 4 EQ-5D score by time and CID status at Week 24 and 3 years. *EQ-5D was administered in only a subset of countries participating in the TORCH study. Abbreviations: CID, clinically important deterioration; EQ-5D, EuroQol 5-dimensional scale; TORCH, TOwards a Revolution in COPD Health. COPD studies TORCH, ECLIPSE and UPLIFT, patients who had a CID event (according to the same definition of CID) in the first 6-12 months of these studies were found to have worse long-term outcomes, including increased mortality. 33, 36 The ECLIPSE and UPLIFT studies allowed for standard of care therapy to be adjusted over 3 or 4 years, 31, 34 and in the UPLIFT prognostic CID analysis, adjusting for important baseline predictors of risk did not diminish the power of the composite CID or any of its individual components to detect consistent increased mortality risk between CID+ and CID-patients. 36 Therefore, together the evidence indicates that explanations 2 or 3 or a combination of these are more likely, and that short-term treatment failure assessed using CID is linked to long-term treatment failure and potential sustained disease progression. While it does not negate the need for other baseline assessment of prognosis (eg, comorbidities, exercise tolerance), the CID endpoint could provide a framework for the monitoring of shortterm treatment failure advocated by the GOLD report, 2 and could help identify patients with a high risk of disease progression and sustained poor long-term outcomes. While this is the first analysis to consider economic and QoL outcomes of short-term CID status, the follow-up analysis was limited to 3 years, which, due to the chronic nature of COPD, may be perceived as insufficient. However, as this endpoint was associated with increased hospital admission costs in the current analysis, and with increased all-cause mortality in several other post hoc analyses of long-term interventional studies, 33, 36 the results from this study should nevertheless be strongly considered and further validated. A multi-component stability assessment based on CID events in several disease measures may also be considered less focused than monitoring exacerbations alone. However, in a recent 3-year follow up of the Danish National COPD Registry, higher respiratory and all-cause mortality was observed in symptomatic low exacerbation risk patients than in patients with fewer symptoms and a high exacerbation risk. 37 Thus, the concept of disease stability measured across multiple disease dimensions may be important to identify future risk beyond exacerbations.
A limitation of this analysis is that the TORCH study assessed health status at 6-monthly intervals, therefore in this study it was only possible to assess CID status at Week 24. Patients who may have deteriorated at an earlier or later time point were therefore not categorized as CID+, thereby potentially reducing the observed cost and utility difference between the CID status subgroups. Inclusion of other more frequent timepoints for CID assessment would likely shed further light on the true cost and utility differences between these subgroups.
Moreover, this analysis focused on unscheduled resource use and costs, as collected per the TORCH protocol. Treatment-specific costs were not included because patients were pooled across treatment arms to assess the differences between the CID subgroups independent of treatment. Additionally, regular monitoring costs were not included as these would have been dictated by the trial protocol rather than reflecting real-world practice. Nevertheless, these are costs that should be considered to more completely evaluate the economic impact of CID.
Analyses of economic and QoL outcomes were also subject to the completeness of patient data available from the TORCH study. IPW was applied to all complete cases to account for patient withdrawals after the 6-month cutoff. There may nevertheless be potential bias in the estimation of the treatment-specific effects of the presence of CID, due to the heterogeneity within the CID subgroups across treatment arms. However, multivariate analysis was used to adjust for baseline characteristics of CID-and CID+ patient subgroups by treatment, CID type at the Week 24 visit, and interaction between CID status at Week 24 and treatment. Finally, as CID status allocation was not a randomized decision, there may be additional confounding variables that were not captured in the TORCH study and could therefore not be adjusted for in this specific analysis.
Conclusion
This study is the first to consider the economic and QoL outcomes associated with short-term CID. The results demonstrate that the occurrence of short-term CID, in addition to having long-term clinical consequences, is associated with sustained poorer QoL and higher health service costs. The improvements in long-term QoL and economic outcomes associated with early optimization of therapy to stabilize COPD therefore confer benefits from both the patient and the payer perspective. Although short-term CID needs to undergo further prospective validation, particularly in relation to whether later optimization of therapy prevents irrecoverable deterioration (ie if treatment escalation after the event can fully reverse the CID), it nevertheless appears to be a useful endpoint to assess the benefits of early optimal therapy in future clinical trials in COPD. 
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